Rationale Tobacco withdrawal is characterized by a negative mood state and relatively mild somatic symptoms. Increased noradrenergic transmission has been reported to play an important role in opioid withdrawal, but little is known about the role of noradrenergic transmission in nicotine withdrawal. Objectives The aim of these experiments was to investigate the effects of prazosin, clonidine, and propranolol on the negative mood state and somatic signs associated with nicotine withdrawal in rats. Methods A discrete-trial intracranial self-stimulation procedure was used to assess the negative affective state of nicotine withdrawal. Elevations in brain reward thresholds are indicative of a deficit in brain reward function. Results In all the experiments, the nicotinic acetylcholine receptor antagonist mecamylamine (3 mg/kg) elevated the brain reward thresholds of the nicotine-treated rats and did not affect those of the control rats. The α1-adrenergic receptor antagonist prazosin (0.0625 and 0.125 mg/kg) dosedependently attenuated the elevations in brain reward thresholds associated with precipitated nicotine withdrawal. The α2-adrenergic receptor agonist clonidine (10-40 μg/kg) and the nonselective β-adrenergic receptor antagonist propranolol (2.5-10 mg/kg) did not attenuate the elevations in brain reward thresholds associated with nicotine withdrawal. Furthermore, mecamylamine (2 mg/kg) induced more somatic signs in the nicotine-treated rats than in the control rats.
Introduction
Tobacco addiction is a chronic disorder that is characterized by loss of control over smoking, withdrawal symptoms, and relapse after periods of abstinence (American Psychiatric Association 2000) . Abrupt cessation of smoking in humans is characterized by negative affective symptoms including depressed mood and anxiety as well as somatic symptoms such as bradycardia and gastrointestinal discomfort (Hughes et al. 1991) . The negative emotional state associated with tobacco withdrawal provides a powerful motivation for the continuation of smoking (Bruijnzeel and Gold 2005; Koob and Le Moal 2005) . Although the somatic signs of nicotine withdrawal may also contribute to smoking, it has been suggested that the affective withdrawal signs play a more important role in the continuation of smoking and relapse (Koob et al. 1997; Markou et al. 1998) .
Animal experiments have shown that antagonism of nicotinic acetylcholine receptors (nAChRs) or discontinuation of nicotine administration induces elevations in brain reward thresholds in the intracranial self-stimulation (ICSS) procedure Epping-Jordan et al. 1998) . Elevations in brain reward thresholds are mediated by a decreased sensitivity to the rewarding electrical stimuli and reflect a dysphoric or anhedonic state (Barr and Markou 2005) . Dysphoria is a hallmark feature of drug withdrawal and elevations in brain reward thresholds have been observed during amphetamine, cocaine, morphine, fentanyl, and alcohol withdrawal (Bruijnzeel et al. 2006; Markou and Koob 1991; Schulteis et al. 1994 Schulteis et al. , 1995 Wise and Munn 1995) .
Extensive evidence indicates that noradrenergic transmission plays a critical role in regulating mood states, drug withdrawal, and drug intake in drug-dependent animals. Recent studies point toward a critical role for the α1-adrenergic receptor in drug intake. For example, the α1-adrenergic receptor antagonist prazosin reduces heroin and cocaine self-administration in rats (6-12 h/day access to drugs of abuse; Greenwell et al. 2009; Wee et al. 2008) . The activation of α1-adrenergic receptors may also play a role in the expression of drug withdrawal as prazosin diminishes weight loss in mice withdrawing from morphine (Ozdogan et al. 2003) . Numerous studies suggest that stimulation of α2-adrenergic receptors also attenuates opioid withdrawal. The α2-adrenergic receptor agonist clonidine prevents the morphine withdrawal-induced decrease in operant responding for food and prevents naloxone-induced conditioned place aversion in morphinedependent animals (Kosten 1994; Sparber and Meyer 1978) . It is important to note that clonidine also attenuates opioid withdrawal symptoms in humans (Gold et al. 1978) . Clinical evidence suggests that clonidine improves smoking cessation rates in humans (Glassman et al. 1988; Gourlay et al. 2004 ). Gourlay and colleagues conducted a metaanalysis to investigate the effects of clonidine on smoking cessation (Gourlay et al. 2004) . They used the data from six clinical studies and only one of these studies reported that clonidine improves smoking cessation rates. The analysis of the pooled data sets suggests that clonidine slightly, but significantly, improves smoking cessation rates (RR=1.63). Wide-scale usage of clonidine for smoking cessation might be somewhat hampered by its side effects which include sedation, dry mouth, and hypotension (Eisenach et al. 1996) . It has been suggested that these side effects are mediated by the stimulation of α2-adrenergic receptors (Timmermans et al. 1981) .
The β-adrenergic receptors have also been implicated in drug withdrawal. The nonselective β-adrenergic receptor antagonist propranolol decreases the number of somatic signs associated with morphine withdrawal and attenuates morphine withdrawal-induced conditioned place aversion (Harris and Aston-Jones 1993) . The opioid receptor antagonist naloxone increases the release of norepinephrine in the central nucleus of the amygdala (CeA) and the bed nucleus of the stria terminalis (BNST) in morphinedependent animals (Fuentealba et al. 2000; Schulteis et al. 1994; Watanabe et al. 2003) . In addition, blockade of β-adrenergic receptors in the CeA and BNST prevents morphine withdrawal-induced conditioned place aversion (Delfs et al. 2000; Watanabe et al. 2003) . These studies point toward a critical role for increased noradrenergic transmission in the CeA and BNST in the negative mood state associated with opioid withdrawal.
Although the aforementioned studies suggest that the noradrenergic system plays a role in drug dependence, very little research has been done to investigate the role of noradrenergic transmission in the negative mood state and somatic signs associated with nicotine withdrawal. It is hypothesized here that inhibition of noradrenergic transmission will attenuate the negative mood state and somatic signs associated with nicotine withdrawal. In these experiments, the effects of the α1-adrenergic receptor antagonist prazosin, the α2-adrenergic receptor agonist clonidine, and the nonselective β-adrenergic receptor antagonist propranolol on the negative affective state and somatic signs associated with precipitated nicotine withdrawal were investigated. Prazosin, clonidine, and propranolol inhibit noradrenergic transmission in the brain, either by blocking α1-or β-adrenergic receptors or by stimulating presynaptic α2-adrenergic receptors. It should be noted that besides stimulating α2-adrenergic receptors, clonidine has also been shown to stimulate imidazoline-1 (I1) receptors (Buccafusco et al. 1995; Ernsberger et al. 1987) . It has been suggested that clonidine may at least partly attenuate the affective signs of morphine withdrawal by stimulating I1 receptors (Georges et al. 2005) . The negative affective state associated with nicotine withdrawal was investigated using a discrete-trial ICSS procedure. This procedure was used in all the experiments to assess the negative affective aspects of nicotine withdrawal as it provides a quantitative measure of the emotional aspects of drug withdrawal (Bruijnzeel et al. 2006; Schulteis et al. 1995; Wise and Munn 1995) .
Materials and methods

Animals
Male Wistar rats (Charles River, Raleigh, NC, USA) weighing 250-300 g at the beginning of the experiments were used. Animals were group-housed (two per cage) in a temperatureand humidity-controlled vivarium and maintained on a 12-h light-dark cycle (lights off at 8 a.m.). All testing occurred at the beginning of the dark cycle. Food and water were available ad libitum in the home cages. All subjects were treated in accordance with the National Institutes of Health guidelines regarding the principles of animal care. Animal facilities and experimental protocols were in accordance with the Association for the Assessment and Accreditation of Laboratory Animal Care and approved by the University of Florida Institutional Animal Care and Use Committee.
Drugs
Nicotine hydrogen tartrate salt, mecamylamine hydrochloride, prazosin hydrochloride, clonidine hydrochloride, and DL-propranolol hydrochloride were purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA). Nicotine, mecamylamine, clonidine, and propranolol were dissolved in sterile saline (0.9% sodium chloride), and prazosin was dissolved in distilled water. Propranolol and prazosin were dissolved by heating. All the injections (subcutaneous (sc)/intraperitoneally (ip)) were administered in a volume of 1 ml/ kg body weight. Drug doses refer to the salt form.
Surgical procedures
Electrode implantations At the beginning of all the intracranial surgeries, the rats were anesthetized with an isoflurane/oxygen vapor mixture (1-3% isoflurane) and placed in a Kopf stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA). The incisor bar was set 5 mm above the interaural line. The rats were prepared with stainless steel bipolar electrodes (model MS303/2 Plastics One, Roanoke, VA, USA) 11 mm in length in the medial forebrain bundle at the level of the posterior lateral hypothalamus (AP −0.5 mm; ML ±1.7 mm; DV −8.3 mm from dura). The electrodes were permanently secured to the skull using dental cement anchored with four skull screws.
Osmotic minipump implantations The rats were prepared with osmotic minipumps (model 2ML4, 28 day pumps, Durect Corporation, Cupertino, CA, USA) filled with either saline or nicotine. The pumps were implanted subcutaneously under isoflurane/oxygen (1-3% isoflurane) anesthesia. The nicotine concentration was adjusted to compensate for differences in body weight and to deliver 9 mg/kg/day of nicotine salt (3.16 mg/kg/day nicotine base). This dose of nicotine does not have a long-term effect on brain reward thresholds or response latencies of rats in the ICSS procedure (Harrison et al. 2001 ).
Apparatus
Intracranial self-stimulation chambers The experimental apparatus consisted of 12 Plexiglas chambers (30.5×30× 17 cm; Med Associates, Georgia, VT, USA), each housed in a sound-attenuating melamine chamber (Med Associates, Georgia, VT, USA). The operant conditioning chambers consisted of a metal grid floor and a metal wheel (5 cm wide) centered on a sidewall. A photobeam detector recorded every 90°of rotation. Brain stimulation was delivered by constant current stimulators (Model 1200C, Stimtek, Acton, MA, USA). Subjects were connected to the stimulation circuit through bipolar leads (Plastics One, Roanoke, VA, USA). A computer controlled the stimulation parameters and data collection.
Experimental procedures
Intracranial self-stimulation procedure Rats were trained on a modified discrete-trial ICSS procedure (Kornetsky and Esposito 1979) , as described previously Markou and Koob 1992) . The rats were trained to turn the wheel on a fixed ratio 1 schedule of reinforcement. Each quarter turn resulted in the delivery of a 0.5-s train of 0.1-ms cathodal square-wave pulses at a frequency of 100 Hz. After the successful acquisition of responding, the rats were trained on a discrete-trial current-threshold procedure. The rats were subsequently tested on a currentthreshold procedure in which stimulation intensities varied according to the classical psychophysical method of limits. The test session provided two variables: brain reward thresholds and response latencies. The brain reward threshold was defined as the midpoint between stimulation intensities that supported responding and current intensities that failed to support responding. It was considered a failed response when the rat responded to fewer than two of the three trials for two consecutive blocks of trials. The response latency was defined as the time interval between the beginning of the noncontingent stimulus and a positive response.
Somatic withdrawal signs Rats were observed for 10 min in a Plexiglas observation chamber (25×25×46 cm; L×W×H). The rats were habituated to the observation chamber for 5 min/day on three consecutive days prior to testing. The following somatic signs were recorded: body shakes, cheek tremors, escape attempts, eye blinks, gasps, genital licks, head shakes, ptosis, teeth chattering, writhes, and yawns (Malin et al. 1992; Rylkova et al. 2008) . Ptosis was counted once per minute if present continuously. The total number of somatic signs was defined as the sum of the individual occurrences. For the final statistical analyses, the signs were divided into the following categories: abdominal constrictions which included gasps and writhes, shakes included head shakes and body shakes, facial fasciculations included cheek tremors and teeth chattering, eye blinks, ptosis, yawns, and other signs occurred occasionally and included escape attempts and genital licks.
Experimental design
Experiment 1: Effects of prazosin on nicotine withdrawal First, the effects of prazosin alone (0.0625-2 mg/kg, ip) on brain reward thresholds and response latencies were investigated. Rats (n=9) were prepared with electrodes and trained on the ICSS procedure. When stable baseline brain reward thresholds were achieved, defined as less than 10% variation within a 5-day period, the injections with prazosin started. Prazosin (0.0625-2 mg/kg, ip) was administered according to a Latin-square and administered 30 min before the rats were placed in the ICSS test chambers. There were at least two drug-free days between successive test days. ICSS testing continued on these drug-free days.
Second, in another group of animals, the effects of the high doses of prazosin (0.25-1 mg/kg, ip) on the elevations in brain reward thresholds and somatic signs associated with precipitated nicotine withdrawal were investigated. When stable baseline brain reward thresholds were achieved, the drug naive rats were prepared with 28-day osmotic minipumps containing either saline (n=8) or nicotine (9 mg/kg/day of nicotine salt, n=9). The noncompetitive and nonspecific nAChR antagonist mecamylamine was used to precipitate withdrawal. Mecamylamine (3 mg/kg, sc) injections started at least 6 days after the implantation of the minipumps to allow the development of nicotine dependence. The dose of mecamylamine was based on previous studies that reported that 3 mg/kg of mecamylamine induces a 40% elevation in brain reward thresholds in nicotine-dependent rats and does not affect the brain reward thresholds of control rats (Bruijnzeel et al. , 2009 ). Prazosin (0.25-1 mg/kg, ip) was administered according to a Latin-square design 25 min prior to treatment with mecamylamine. The pretreatment interval was based on previous studies that investigated the effects of prazosin on morphine withdrawal and heroin self-administration in rats (Greenwell et al. 2009; Ozdogan et al. 2003) . The rats were placed in the ICSS test chambers 5 min after the administration of mecamylamine. It was ensured that the minimum time interval between the mecamylamine injections was at least 3 days to maintain nicotine dependence and allow the brain reward thresholds to return to baseline levels. The serum elimination half-life of mecamylamine is approximately 1 h (Debruyne et al. 2003) . In a separate group of animals, the effect of prazosin (0.25-1 mg/kg, ip) on the somatic signs associated with precipitated nicotine withdrawal was investigated. Rats were prepared with 28-day osmotic minipumps containing either saline (n=8) or nicotine (9 mg/kg/day of nicotine salt, n=10). The nAChR antagonist mecamylamine (2 mg/kg, sc) was used to precipitate nicotine withdrawal. A slightly lower dose of mecamylamine was used in the somatic withdrawal experiment than in the ICSS experiment as relatively low doses of mecamylamine induce a large increase in the number of somatic signs in nicotine-treated rats. Furthermore, high doses of mecamylamine increase the number of somatic signs in control animals (Malin et al. 1994) . Mecamylamine injections started at least 6 days after the implantation of the minipumps. Prazosin (0.25-1 mg/kg, ip) was administered according to a Latin-square design 25 min prior to the administration of mecamylamine. Five minutes after the administration of mecamylamine, the rats were placed in Plexiglas observation cages and somatic signs were recorded for 10 min by an experienced observer who was blind to the treatment conditions. The time interval between the mecamylamine injections was at least 72 h.
Third, the effects of the low doses (0.0625 and 0.125 mg/kg, ip) of prazosin on the elevations in brain reward thresholds (saline, n=9; nicotine, n=9) and somatic signs (nicotine, n=10) associated with precipitated nicotine withdrawal were investigated. This experiment was conducted in a similar manner as the experiment described above, with the exception that the effects of prazosin on somatic withdrawal signs were investigated in the ICSS animals starting 3 days after the ICSS studies were completed. The nicotine-ICSS group consisted of nine animals and the nicotine-somatic signs group consisted of ten animals. This discrepancy in group sizes was due to the fact that one of the ICSS rats was unstable, and therefore, this rat was not included in the ICSS part of this study.
Experiment 2: Effects of clonidine on nicotine withdrawal
The aim of the first part of this experiment was to investigate the effect of clonidine (10-40 μg/kg, sc) on the elevations in brain reward thresholds associated with mecamylamine (3 mg/kg, sc)-precipitated nicotine withdrawal (saline, n=10; nicotine, n=11). The second part of this experiment investigated the effect of clonidine (10-40 μg/kg, sc) on the somatic signs associated with mecamylamine (2 mg/kg, sc)-precipitated nicotine withdrawal (saline, n=8; nicotine, n=10). The ICSS experiment and the somatic withdrawal experiment were conducted in separate groups of animals. For both the ICSS experiment and the somatic withdrawal experiment, clonidine was administered according to a Latin-square design 25 min prior to treatment with mecamylamine. The pretreatment interval and clonidine doses were based on previous studies that investigated the effects of clonidine on morphine withdrawal-induced disruption of operant responding for food pellets and stress-induced reinstatement of nicotine seeking in rats (Sparber and Meyer 1978; Zislis et al. 2007 ). The rats were placed in the ICSS test chambers or in the behavioral observation chambers 5 min after the administration of mecamylamine. These experiments were conducted as described under experiment 1 with the exception that the rats received clonidine instead of prazosin.
Experiment 3: Effects of propranolol on nicotine withdrawal
The aim of the first part of this experiment was to investigate the effect of propranolol (2.5-10 mg/kg, ip) on the elevations in brain reward thresholds associated with mecamylamine (3 mg/kg, sc)-precipitated nicotine withdrawal (saline, n=11; nicotine, n=12). The second part of this experiment investigated the effects of propranolol (2.5-10 mg/kg, ip) on the somatic signs associated with mecamylamine (2 mg/kg, sc)-precipitated nicotine withdrawal (saline, n=8; nicotine, n=10). The ICSS experiment and the somatic withdrawal experiment were conducted in separate groups of animals. For both the ICSS experiment and the somatic withdrawal experiment, propranolol was administered according to a Latin-square design 25 min prior to treatment with mecamylamine. The pretreatment interval and doses were based on previous studies that investigated the effects of propranolol on somatic morphine withdrawal signs and anxiety-like behavior in rats (Harris and Aston-Jones 1993; Yang et al. 1990 ). This experiment was the same as experiment 2 with the exception that propranolol was administered prior to treatment with mecamylamine.
Statistical analyses
ICSS parameters (brain reward thresholds and response latencies) were expressed as a percentage of the pretest day values. Total overall somatic signs and percent changes in ICSS parameters were analyzed using a mixed design analyses of variance (ANOVA) with the dose of prazosin, clonidine, or propranolol as the within-subjects factor and pump content (saline or nicotine) as the between-subjects factor. Newman-Keuls post hoc tests were conducted when the ANOVA revealed statistically significant effects. In experiment 1, an additional ANOVA, with prazosin as within-subjects factor, was conducted to investigate if prazosin (0.25-1 mg/kg) affected the brain reward thresholds of the saline-treated control rats. The effects of prazosin (0.0625-2 mg/kg) on ICSS parameters in drugfree control rats (no saline or nicotine pumps and no mecamylamine pretreatment) were investigated with an ANOVA, and the dose of prazosin was within-subjects factor. One-way ANOVAs were used to verify that the ICSS parameters (absolute brain reward thresholds and response latencies) between the saline rats and nicotine rats did not differ prior to the implantation of the minipumps or prior to the onset of the injections with mecamylamine. The individual somatic signs (abdominal constrictions, shakes, etc.) were analyzed with nonparametric tests because of the small number of specific individual signs recorded in the saline groups. The Kruskal-Wallis test (independent samples) was used to compare somatic signs between the nicotine and saline groups. The Wilcoxon signed-rank test (related samples) was used to make comparisons between drug doses within a specific treatment group (nicotine or saline). For all the experiments, the criterion for significance was set at 0.05. The statistical analyses were performed using PASW Statistics 18 for Windows software.
Results
Experiment 1: Effects of prazosin on nicotine withdrawal
First, the effects of prazosin on brain reward thresholds and response latencies of rats in the ICSS procedure were investigated. The administration of prazosin did not affect the brain reward thresholds or the response latencies (Table 1) .
In the high-dose study (0.25-1 mg/kg), there were no differences in absolute brain reward thresholds and response latencies between the saline group and the nicotine group on the test day prior to the minipump implantations or on the test day prior to the first mecamylamine/prazosin injections ( Table 2 ). The administration of 3 mg/kg of mecamylamine elevated the brain reward thresholds of the nicotine-treated rats and did not affect the brain reward thresholds of the saline-treated rats ( Fig. 1a ; treatment: F 1, 15 =10.28, P< 0.006). Pretreatment with prazosin affected the brain reward thresholds of the nicotine-treated rats and the saline-treated rats differently (dose × treatment interaction: F 3, 45 =3.95, P<0.01). Newman-Keuls post hoc comparisons indicated that 0.25 and 0.5 mg/kg of prazosin attenuated the elevations . This ANOVA analysis compared the collapsed response latencies of all the nicotine groups with the collapsed response latencies of all the saline groups. Post hoc comparisons did not reveal a significant difference in response latencies between the nicotine and saline groups. The administration of prazosin did not alter the response latencies. Precipitated nicotine withdrawal increased the total number of somatic signs ( Fig. 2 ; treatment: F 1, 16 =168.23, P<0.0001), facial fasciculations, yawns, abdominal constrictions, and eye blinks (see Table 3 for the level of significance of individual signs). Prazosin (0.25-1 mg/kg) increased the total number of somatic signs in the control animals (dose × treatment: F 3, 48 =3.26, P<0.03) and increased the number of occurrences of ptosis in the control animals (Table 3) . Furthermore, prazosin increased the number of occurrences of ptosis, yawns, and shakes in the nicotine withdrawing rats and decreased the number of eye blinks in the nicotine withdrawing rats (Table 3 ).
In the low-dose study (0.0625 and 0.125 mg/kg), there were no differences in absolute brain reward thresholds and response latencies between the saline group and the nicotine group on the test day prior to the minipump implantations or on the test day prior to the first mecamylamine/prazosin injections ( Table 2 ). The administration of 3 mg/kg of mecamylamine also elevated the brain Prior refers to the test day immediately before the implantation of the osmotic minipumps or the start of the mecamylamine injections Fig. 1 Effect of the α1-adrenergic receptor antagonist prazosin (0.25-1 mg/kg) on the elevations in brain reward thresholds associated with mecamylamine-precipitated nicotine withdrawal (a; saline, n =8; nicotine, n =9) and response latencies (b). Asterisks (**P<0.01) indicate elevations in brain reward thresholds compared to those of the corresponding saline-treated control group. Plus signs (+P < 0.05) indicate lower brain reward thresholds compared to those of rats chronically treated with nicotine and acutely treated with mecamylamine and vehicle. Data are expressed as means ± SEM reward thresholds of the nicotine-treated rats and did not affect the brain reward thresholds of the saline-treated rats ( Fig. 3a ; treatment: F 1, 16 =16.84, P<0.0008). Pretreatment with prazosin dose-dependently attenuated the mecamylamine-induced elevations in brain reward thresholds in the nicotine-treated rats and did not affect the brain reward thresholds of the saline-treated control rats (dose × treatment interaction: F 2, 32 =3.95, P<0.0007). Post hoc analyses indicated that 0.0625 mg/kg of prazosin slightly attenuated the elevations in brain reward thresholds associated with nicotine withdrawal. Furthermore, 0.125 mg/kg of prazosin strongly attenuated the elevations in brain reward thresholds associated with nicotine withdrawal. Neither nicotine withdrawal nor the administration of prazosin affected the response latencies (Fig. 3b) . The effect of prazosin (0.0625 and 0.125 mg/kg) on somatic withdrawal signs was investigated after the ICSS study was completed. Prazosin did not affect the total number of somatic signs, abdominal constrictions, shakes, yawns, eye blinks, and other signs in the nicotine withdrawing rats (data not shown). Prazosin significantly increased the number of occurrences of ptosis (dose 0.0625, P<0.05; dose 0.125, P<0.01) and facial fasciculations (dose 0.125, P<0.05) in the nicotine withdrawing rats (data not shown).
Experiment 2: Effects of clonidine on nicotine withdrawal There were no differences in absolute brain reward thresholds and response latencies between the saline group and the nicotine group on the test day prior to minipump implantation or on the test day prior to the first mecamylamine/clonidine injections (Table 2) . Mecamylamine elevated the brain reward thresholds of the nicotine-treated rats and did not affect the brain reward thresholds of the saline-treated rats ( Fig. 4a ; treatment: F 1, 19 =25.26, P<0.0001). Pretreatment with clonidine did not affect the brain reward thresholds of the nicotine-treated rats. Post hoc analyses indicated that Fig. 2 Effect of the α1-adrenergic receptor antagonist prazosin (0.25-1 mg/kg) on overall somatic signs associated with mecamylamineprecipitated nicotine withdrawal (saline, n=8; nicotine, n =10). Asterisks (**P<0.01) indicate a greater number of somatic signs in the nicotine-treated rats than in the saline-treated control group. Plus signs (+P<0.05) indicate a greater number of somatic signs compared to those in rats chronically treated with saline and acutely treated with mecamylamine and vehicle. Data are expressed as means ± SEM Somatic signs in nicotine-treated (n=10) and saline-treated rats (n=8) as recorded during 10-min observation periods. Abdominal constrictions include gasps and writhes; facial fasciculations include cheek tremors and teeth chattering; shakes include head shakes and body shakes; other signs include escape attempts and genital licks. Data are expressed as means ± SEM *P<0.05; **P<0.01 (indicate fewer somatic signs in the saline group than in the nicotine group); ***P<0.05; ****P<0.01 (indicate a decrease or increase in the number of somatic signs compared to rats in the same treatment group (nicotine or saline) and acutely treated with vehicle) 40 μg of clonidine elevated the brain reward thresholds of the saline-treated control rats. Mecamylamine increased the response latencies of the nicotine-treated rats compared to those of the saline-treated rats ( Fig. 4b ; treatment: F 1, 19 = 5.46, P<0.03). Post hoc comparisons did not reveal a significant difference at any specific dose. The administration of clonidine increased the response latencies of the nicotine-treated and the control rats (dose: F 3, 57 =4.83, P< 0.005). Nicotine withdrawal increased the total number of somatic signs ( Fig. 5 ; treatment: F 1, 16 =57.04, P<0.0001), abdominal constrictions, eye blinks, the number of occurrences of ptosis, and facial fasciculations (Table 4) . Clonidine decreased the total number of somatic signs in the nicotine withdrawing animals (dose × treatment: F 3, 48 =6.86, P<0.0006). Clonidine also decreased the number of shakes, eye blinks, and the number of occurrences of ptosis in the nicotine withdrawing rats (Table 4) . Statistical analyses indicated that there were no differences in absolute brain reward thresholds and response latencies between the saline group and the nicotine group on the test day prior to minipump implantation or on the test day prior to the first mecamylamine/propranolol injections ( Table 2 ). The administration of 3 mg/kg of mecamylamine elevated the brain reward thresholds of the nicotine-treated rats and did not affect the brain reward thresholds of the saline-treated rats ( Fig. 6a ; treatment: F 1, 21 =39.61, P<0.0001). Pretreatment with propranolol increased the brain reward thresholds of the nicotinetreated rats and the control rats (dose; F 3, 63 =3.68, P<0.02). Mecamylamine and propranolol did not affect the response latencies (Fig. 6b) . Nicotine withdrawal increased the total number of somatic signs ( Fig. 7 ; treatment: F 1, 16 =196.53, P<0.0001), facial fasciculations, shakes, abdominal constrictions, and eye blinks. Propranolol decreased the total number of somatic signs in the nicotine withdrawing animals (dose × treatment: F 3, 48 =2.89, P<0.05). Propranolol also decreased the number of shakes and eye blinks in the nicotine withdrawing rats (Table 5) .
Discussion
The aim of the present studies was to investigate the effects of prazosin, clonidine, and propranolol on the deficit in brain reward function (i.e., elevations in brain reward thresholds) and somatic signs associated with precipitated nicotine withdrawal in rats. The nAChR antagonist mecamylamine (3 mg/kg) elevated the brain reward thresholds of the nicotinetreated rats and did not affect the brain reward thresholds of the control rats. In addition, mecamylamine (2 mg/kg) induced more somatic signs in the nicotine-treated rats than in the saline-treated rats. The present results also indicated that the α1-adrenergic receptor antagonist prazosin attenuates the elevations in brain reward thresholds associated with precipitated nicotine withdrawal. Prazosin had a U-shaped dosedependent effect on the brain reward thresholds of the nicotine withdrawing rats. Pretreatment with 0.125 mg/kg of prazosin was more effective in preventing the mecamylamineprecipitated elevations in brain reward thresholds in the nicotine group than lower or higher doses of this compound. In addition, it was shown that neither the α2-adrenergic/I1 receptor agonist clonidine nor the nonselective β-adrenergic receptor antagonist propranolol attenuated the elevations in brain reward thresholds associated with precipitated nicotine withdrawal. Furthermore, clonidine and propranolol decreased the total number of somatic signs associated with precipitated nicotine withdrawal while prazosin did not decrease the total number of somatic signs associated with nicotine withdrawal. Prazosin increased the number of occurrences of ptosis in the control rats. This is in line with previous studies which reported that blockade of peripheral α1-adrenergic receptors induces ptosis (Honda et al. 1985; Millan et al. 1994) . Somatic signs in nicotine-treated (n=10) and saline-treated rats (n=8) as recorded during 10-min observation periods. Abdominal constrictions include gasps and writhes; facial fasciculations include cheek tremors and teeth chattering; shakes include head shakes and body shakes; other signs include escape attempts and genital licks. Data are expressed as means ± SEM *P<0.05; **P<0.01 (indicate fewer somatic signs in the saline group than in the nicotine group); ***P<0.05; ****P<0.01 (indicate a decrease in the number of somatic signs compared to rats in the same treatment group (nicotine) and acutely treated with vehicle)
The observation that the nAChR antagonist mecamylamine elevated the brain reward thresholds of the nicotine-treated rats, but not of the saline-treated rats, is in agreement with studies that investigated the effects of antagonism of nAChRs on brain reward thresholds (Bruijnzeel et al. , 2009 Epping-Jordan et al. 1998) . It has been suggested that elevations in brain reward thresholds reflect a negative emotional state that resembles the dysphoria experienced by drug-dependent patients after the discontinuation of drug use (Barr and Markou 2005) . Previous research has shown that the activation of brain stress systems at least partly mediates the negative mood state associated with nicotine withdrawal. Blockade of corticotropin-releasing factor receptors prevents the elevations in brain reward thresholds associated with precipitated nicotine withdrawal (Bruijnzeel et al. , 2009 . The present findings demonstrate that blockade of α1-adrenergic receptors also attenuates the elevations in brain reward thresholds associated with nicotine withdrawal. Experimental evidence indicates that blockade of α1-adrenergic receptors decreases drug intake in animals that have a history of long access to drugs of abuse and attenuates the behavioral effects of exposure to stressors (Greenwell et al. 2009; Wee et al. 2008) . Animals that have long access (6 h/day) to cocaine, but not animal with short access (1 h/day), display an escalation of cocaine intake and a gradual elevation in brain reward thresholds (Ahmed et al. 2002) . It has been suggested that these animals increase their drug intake in an attempt to counter their deficit in brain reward function (Ahmed et al. 2002; Koob 2008) . The observation that prazosin diminishes the negative mood state associated with drug withdrawal (Fig. 3a) would suggest that α1-adrenergic receptor antagonists may decrease drug intake in the long-access rats by diminishing their deficit in brain reward function. Additional studies are warranted to test this hypothesis. Blockade of α1-adrenergic may also attenuate the behavioral effects of exposure to stressors. Restraint stress has been shown to increase the latency before rats emerge from a dark chamber in a novel environment and increases the total amount of time spent in the chamber. Pretreatment with prazosin prevents the restraint stressinduced increase in emergence latency and time spent in the chamber (Yang et al. 1990 ). Furthermore, restraint or inescapable tail shocks leads to a long-term potentiation of the acoustic startle response. The administration of prazosin prior to the restraint stress or the inescapable tail shocks inhibits the stress-induced potentiation of the acoustic startle response (Manion et al. 2007) . Taken together, these findings support the hypothesis that stress-induced behavioral changes such as increased anxiety-like behavior and the negative mood state associated with nicotine withdrawal are at least partly mediated via the activation of α1-adrenergic receptors. Additional studies are warranted to investigate if α1-adrenergic receptor antagonists decrease anxiety-like behavior associated with nicotine withdrawal (Irvine et al. 1999) . Fig. 7 Effect of the nonselective β-adrenergic receptor antagonist propranolol on overall somatic signs associated with mecamylamineprecipitated nicotine withdrawal (saline, n=11; nicotine, n=12). Asterisks (**P<0.01) indicate a greater number of somatic signs in the nicotine-treated rats than in the saline-treated control group. Plus signs (++P<0.01) indicate fewer somatic signs compared to those of rats chronically treated with nicotine and acutely treated with mecamylamine and vehicle. Data are expressed as means ± SEM The first experiment investigated the effect of pretreatment with prazosin on the elevations in brain reward thresholds associated with precipitated nicotine withdrawal. This experiment was conducted in two steps: First, the effect of relatively high doses (0.25-1 mg/kg) on nicotine withdrawal was investigated, and then, the effect of lower doses (0.0625 and 0.125 mg/kg) was investigated. It was shown that 0.125 mg/kg of prazosin was more effective in attenuating the elevations in brain reward thresholds associated with nicotine withdrawal than lower (0.0625 mg/kg) or higher (0.25 and 0.5 mg/kg) doses of prazosin. This pattern of results suggest that suboptimal, either too low or too high, levels of noradrenergic transmission lead to elevations in brain reward thresholds. The present study suggests that nicotine withdrawal leads to an increase in noradrenergic transmission which causes excessive stimulation of α1-adrenergic receptors and elevations in brain reward thresholds. This effect is partly antagonized with a low dose of prazosin (0.0625 mg/kg) and more completely antagonized with a slightly higher dose of prazosin (0.125 mg/kg). The 0.125 mg/kg of prazosin is the optimal dose as higher doses are also less effective in attenuating the elevations in brain reward thresholds associated with nicotine withdrawal. This is most likely due to the fact that a strong blockade of α1-adrenergic receptors also leads to an elevation in brain reward thresholds. This is supported by previous studies that have shown that α1-adrenergic receptor antagonists dose-dependently inhibit responding in rate dependent intracranial self-stimulation procedures (Fenton and Liebman 1982; Liebman et al. 1982; Lin et al. 2007 ).
The data depicted in Fig. 1a indicate that 1 mg/kg of prazosin induces a nonsignificant, 20%, elevation in brain reward thresholds in rats that are prepared with saline pumps and acutely treated with mecamylamine. The same dose of prazosin did not affect the brain reward thresholds in a separate experiment in which the effect of prazosin alone on brain reward thresholds was investigated (Table 1 ). These findings suggest that prazosin alone, up to 2 mg/kg, does not affect brain reward thresholds but the co-administration of mecamylamine (3 mg/kg) leads to a small elevation in brain reward thresholds. As indicated in the present study and other studies, the administration of 3 mg/kg of mecamylamine alone does not affect brain reward thresholds in the ICSS procedure (Bruijnzeel et al. 2009; Watkins et al. 2000) . However, it has been reported that a slightly higher dose of mecamylamine, 5 mg/kg, suppresses the rate of lever pressing in the ICSS procedure (Olds and Domino 1969) . Therefore, in the present study, the administration of prazosin alone or mecamylamine alone did not affect the brain reward thresholds of the rats. However, the additive effects of the subthreshold doses of mecamylamine and prazosin may have mediated the nonsignificant, 20%, elevation in brain reward thresholds in the control group.
Clonidine is a α2-adrenergic receptor and I1 receptor agonist (Buccafusco et al. 1995; Ernsberger et al. 1987) . Previous research suggests that clonidine prevents naloxoneinduced conditioned place aversion in morphine-dependent animals at least partly by stimulating I1 receptors (Georges et al. 2005) . Furthermore, naloxone-precipitated morphine withdrawal leads to a hypoactivity of dopaminergic neurons in the ventral tegmental area, and this effect is prevented by clonidine acting upon I1 receptors (Georges and Aston-Jones 2003) . In the present study, clonidine did not prevent the elevations in brain reward thresholds associated with nicotine withdrawal. This suggests that neither stimulation of α2-adrenergic receptors nor stimulation of I1 receptors prevents the negative mood state associated with nicotine withdrawal. In contrast, clonidine dose-dependently decreased the somatic signs associated with nicotine withdrawal. Coupar investigated the effects of various α2-adrenergic receptor agonists (clonidine, azepexole, guanfacine) on naloxone-precipitated somatic morphine withdrawal signs (Coupar 1992) . Clonidine has a high affinity for the α2-adrenergic receptor and the I1 receptor (clonidine: Ki α2-site 3.8, Ki I1-site 1.0), and azepexole and guanfacine have a relatively high affinity for the α2-adrenergic receptor and a low affinity for the I1 receptor (azepexole: Ki α2-site 31, Ki I1-site 1140; guanfacine: Ki α2-site 2.3, Ki I1-site 2500; Buccafusco et al. 1995) . Pretreatment with azepexole attenuates all precipitated somatic morphine withdrawal signs and pretreatment with clonidine and guanfacine attenuate all somatic withdrawal signs with the exception of paw shakes (clonidine) and jumping and diarrhea (guanfacine). This suggests that compounds that have an extremely low affinity for the I1 receptor are more effective than or at least as effective as clonidine in blocking somatic morphine withdrawal signs. This would suggest that clonidine reduces somatic withdrawal signs by stimulating the α2-adrenergic receptor and not the I1 receptor.
The results of these studies demonstrated that the nonselective β-adrenergic receptor antagonist propranolol slightly attenuates the somatic nicotine withdrawal signs and does not prevent the elevations in brain reward thresholds associated with nicotine withdrawal. We are not aware of any studies that investigated the effects of propranolol or other nonselective β-adrenergic receptor antagonists on the negative mood state associated with nicotine withdrawal or somatic nicotine withdrawal signs. However, the effect of propranolol on morphine withdrawal has been investigated. These studies reported that propranolol attenuates the somatic morphine withdrawal signs and reduces morphine withdrawal-induced place aversion (Delfs et al. 2000; Harris and Aston-Jones 1993; Watanabe et al. 2003) . These findings suggest that β-adrenergic receptor activation plays a critical role in mediating the somatic nicotine and opioid withdrawal signs. These findings would also suggest that β-adrenergic receptors play a critical role in the negative mood state associated with morphine withdrawal but do not play a role in the negative mood state associated with nicotine withdrawal. It should be noted, however, that the negative affective state of morphine withdrawal was assessed with the conditioned place aversion procedure and the ICSS procedure was used to investigate the negative affective state associated with nicotine withdrawal. Although both the ICSS procedure and conditioned place aversion tests are used to assess the negative mood state associated with drug withdrawal, there is a major difference between these tests. In the ICSS procedure, the acute effects of a drug are assessed (i.e., animal is under the influence of the drug), and in the place aversion procedure, the rats are tested in a drug-free state and the outcome of the test is dependent on a previously formed association between the subjective effects of the drug and the environment (Carlezon 2003) . Extensive evidence indicates that propranolol and other β-adrenergic receptor antagonists block the consolidation of aversive memories in humans and experimental animals (Cahill et al. 1994; McGaugh 2000; van Stegeren et al. 1998) . Therefore, in the morphine withdrawal experiments, propranolol might not have prevented the negative mood state but avoided the formation of an association between the withdrawal-induced negative emotional state and the test chamber. We are not aware of any studies that reported that propranolol prevents the elevations in brain reward thresholds associated with morphine withdrawal or withdrawal from other drugs of abuse.
The present studies focused on investigating the effects of relatively specific adrenergic receptor agonist and antagonists on the affective and somatic signs of nicotine withdrawal. Other studies have explored the effects of drugs that block the reuptake of norepinephrine on nicotine withdrawal and smoking cessation. One of the compounds that has been investigated as a smoking cessation aid is the antidepressant and relative selective norepinephrine reuptake inhibitor nortriptyline (5-HT, 570; NE, 3.4; DA, 3,500, IC 50 , reuptake inhibition in vivo; Hyttel 1994) . Nortriptyline has been shown to improve relapse rates in subjects who attempt to quit smoking and diminish anxiety, anger, irritability, difficulty concentrating, restlessness, and impatience associated with smoking cessation (Hall et al. 1998; Prochazka et al. 1998; Wagena et al. 2005) . Nortriptyline also decreases the number of somatic withdrawal signs in nicotine withdrawing rats, but only at doses that also decrease locomotor activity (Wing and Shoaib 2007) . It cannot be completely ruled out that nortriptyline's effect on the serotonin transporter contribute to its effectiveness as a smoking cessation aid (Hyttel 1994) . However, selective serotonin reuptake inhibitors such as fluoxetine, paroxetine, and sertraline do not improve smoking cessation rates (Hughes et al. 2007) . Therefore, it is more likely that the effects of nortriptyline on smoking cessation are mediated by its actions on the norepinephrine transporter than on the serotonin transporter. Nortriptyline also decreases the expression of α2 and β-adrenergic receptors which may contribute to the clinical effects of this compound (GarciaSevilla et al. 1981; Sellinger-Barnette et al. 1980; Sugrue 1983) . The antidepressant drug bupropion has also been shown to improve smoking cessation rates and decrease tobacco withdrawal symptoms such as depression, difficulty concentrating, and irritability (Hurt et al. 1997; Jorenby et al. 1999; Shiffman et al. 2000) . In addition, bupropion decreases affective and somatic nicotine withdrawal signs in rats (Cryan et al. 2003; Wing and Shoaib 2007) . Although there is evidence that bupropion and its metabolites affect noradrenergic transmission, bupropion has also been shown to affect other brain systems, and therefore, it has been difficult to pinpoint its clinical effects to a specific neurotransmitter system. Bupropion has been shown to be a relatively weak inhibitor of the reuptake of dopamine and norepinephrine, stimulates norepinephrine release, and blocks nAChRs (Damaj et al. 2004; Dong and Blier 2001; Ferris et al. 1982; Fryer and Lukas 1999) . Taken together, nortriptyline and bupropion inhibit the reuptake of norepinephrine and have been shown to improve smoking cessation rats and attenuate nicotine withdrawal. However, because these compounds affect a variety of neurotransmitter systems and receptors, their specific mode of action remains to be elucidated.
Taken together, these findings indicate that blockade of α1-adrenergic receptors attenuates the deficit in brain reward function associated with nicotine withdrawal and blockade of β-adrenergic receptors or stimulation of α2-adrenergic receptors reduces the somatic nicotine withdrawal signs. These studies have significant clinical implications for the treatment of tobacco addiction. The present findings suggest that a cocktail of an α1-adrenergic receptor antagonist and an α2-adrenergic receptor agonist or a nonspecific β-adrenergic receptor antagonist might diminish the anhedonic state as well as the somatic symptoms associated with smoking cessation. Drugs that attenuate the negative affective and somatic withdrawal signs might improve smoking cessation rates.
